The intestine is essential for maintaining homeostasis in an organism: it is the site of food digestion and nutrient uptake, contributes to water and electrolyte balance and serves as a sensory and endocrine organ. While the intestine performs these functions, the gut wall is in close contact with the expansive and largely beneficial microbial communities of the lumen that ensure efficient digestion, xenobiotic degradation and protection against pathobionts. To establish effective anatomical and functional barriers against commensal microorganisms and pathogens, the intestinal wall encompasses cellular networks of unparalleled complexity, including neural and immunological systems that constantly monitor and respond to challenges from the potentially deleterious gut ecosystem. It is becoming increasingly clear that normal gastrointestinal (GI) function depends on the highly coordinated responses of resident neuronal and immune-cell populations 1 . Furthermore, emerging evidence indicates that multiple neuroregulatory axes operate in immune cells, while the enteric nervous system (ENS) can sense microbial cues and coordinate immune responses 1 . As a rewarding consequence of such progress, conceptual and experimental barriers between traditionally distinct research fields are coming down, which promises a faster pace toward unravelling of the complex neurological-immunological interactions at the core of GI physiology and disease 1,2 . The emergent technological revolutions that have redefined such interactions within the peripheral nervous system and the central nervous system (CNS) have been reviewed elsewhere 1,3-7 . Here we highlight specific paradigms of neuroimmune communication in the intestine and propose the concept of neuroimmune cell units (NICUs) at the core of gut homeostasis and defense. We also review neurological-immunological commonalities during intestinal development and homeostasis and explore how during evolution, the coexistence of the ENS and enteric immune system might have favored their productive interactions.
The intestine is essential for maintaining homeostasis in an organism: it is the site of food digestion and nutrient uptake, contributes to water and electrolyte balance and serves as a sensory and endocrine organ. While the intestine performs these functions, the gut wall is in close contact with the expansive and largely beneficial microbial communities of the lumen that ensure efficient digestion, xenobiotic degradation and protection against pathobionts. To establish effective anatomical and functional barriers against commensal microorganisms and pathogens, the intestinal wall encompasses cellular networks of unparalleled complexity, including neural and immunological systems that constantly monitor and respond to challenges from the potentially deleterious gut ecosystem. It is becoming increasingly clear that normal gastrointestinal (GI) function depends on the highly coordinated responses of resident neuronal and immune-cell populations 1 . Furthermore, emerging evidence indicates that multiple neuroregulatory axes operate in immune cells, while the enteric nervous system (ENS) can sense microbial cues and coordinate immune responses 1 . As a rewarding consequence of such progress, conceptual and experimental barriers between traditionally distinct research fields are coming down, which promises a faster pace toward unravelling of the complex neurological-immunological interactions at the core of GI physiology and disease 1, 2 . The emergent technological revolutions that have redefined such interactions within the peripheral nervous system and the central nervous system (CNS) have been reviewed elsewhere 1, [3] [4] [5] [6] [7] . Here we highlight specific paradigms of neuroimmune communication in the intestine and propose the concept of neuroimmune cell units (NICUs) at the core of gut homeostasis and defense. We also review neurological-immunological commonalities during intestinal development and homeostasis and explore how during evolution, the coexistence of the ENS and enteric immune system might have favored their productive interactions.
Pre-birth world of neuronal and lymphoid organogenesis
The gut wall is innervated by the two branches of the autonomic nervous system (sympathetic and parasympathetic), while information from the GI tract is transmitted to the CNS via afferent fibers that originate from sensory neurons within the nodose and dorsal root ganglia 8 . This extrinsic innervation of the gut is essential for the integration of GI-tract activity with systemic physiological responses 9, 10 . In addition to containing extrinsic nerves, the gut wall harbors a vast number of intrinsic neurons (1 × 10 8 in humans) and three to five times as many glial cells that constitute the ENS. These cell lineages are organized into networks of interconnected ganglia distributed in the outer myenteric and inner submucosal plexi 9 . Glial cells are closely associated with neurons (located within enteric ganglia), but they are also found in extraganglionic spaces, including the lamina propria of the mucosa, where they form a diffuse network that spreads from the bottom of the crypts to the tips of the villi 9, [11] [12] [13] [14] [15] . The majority of enteric neurons and glia originate from neural-crest-derived progenitor cells [16] [17] [18] [19] [20] that invade the foregut during embryogenesis, migrate rostro-caudally to colonize the entire length of the GI tract and undergo protracted programs of neurogenesis and gliogenesis that terminate only after weaning 13, [21] [22] [23] [24] (Fig. 1) . The development of a functional ENS depends on the concerted action of extracellular cues (including signaling via growth factors and retinoic acid (RA)) and on a discrete genetic signature that is established at the onset of ENS histogenesis 21, 25 . Notably, early ENS progenitor cells express the transcription factors SOX10, ASCL1 and PHOX2B, whose concerted action drives expression of the neurotrophic-factor receptor and neuroregulator RET, which is activated by glial-cell-line-derived neurotrophic factor (GDNF) and other members of the GDNF family of ligands (GFLs) and controls multiple steps of ENS histogenesis 21 (Fig. 1) .
RET is also a critical regulator of the development of Peyer's patches (PPs) in the intestine 26, 27 . The development of intestinal secondary lymphoid organs, including mesenteric lymph nodes and PPs, occurs during gestation, while tertiary lymphoid structures, such as cryptopatches and isolated lymphoid follicles, develop after birth in response to environmental signals 28, 29 . The luminal side of PPs is covered by the follicle-associated epithelium, which harbors a high density of M cells that act as a frontline for antigen sampling and uptake 30 . In addition, PPs favor switching of B cell antibodies to the secretory immunoglobulin A isotype that uniquely contributes to mucosal immunity 31 . PP development depends on lymphoid-tissue-initiator (LTin) cells 26, 27 and lymphoid-tissue-inducer (LTi) cells 29, 32 ; the latter belong to the larger family of innate lymphoid cells (ILCs) 33 . Both cell types originate from fetal-liver progenitor cells and colonize the intestine by embryonic day 12.5 (ref. 27) . The initial formation of enteric lymphoid tissue depends on the adhesion-mediated arrest of LTin cells, which prime the sessile mesenchyme 26, 28 . At this stage, LTin cells express RET, a molecule that, in addition to being the master regulator of ENS development, is also critical for PP formation 26, 27 ( Fig. 1) . A full complement of LTi cells is required for the subsequent stages and completion of PP development, which depends on lymphotoxin-β and chemokines 29, 34 (Fig. 1) . Fetal LTi cell development depends on complex genetic pathways [35] [36] [37] [38] [39] , but LTi cells are also regulated by maternal dietary retinoids, which control the transcription factor RORγt and pre-set the immunological fitness of the progeny 40 . Interestingly, RA, which can be supplied by neurons adjacent to lymphoid structure primordia enriched for LTi cells 41 , has been shown to enhance the proliferation of ENS precursor cells and promote neuronal differentiation 42 . Thus, in addition to their well-established cell-and tissue-specific developmental programs, the ENS and PPs depend on common master signaling axes for their histogenesis.
Evolutionary considerations
Ample evidence has shown that neuroregulatory molecules are expressed by intestinal immune cells and that immunological pathways are operational in enteric neurons 43 . But why have the two systems established such a close functional relationship? The answer to this question might be provided by evolutionary considerations 7, 43 . Throughout evolution, multicellular organisms developed physical barriers and innate defense mechanisms that constitute the first line of defense against environmental insults. However, the emergence of complex nervous and immune-cell networks allowed animals to integrate multiple new stimuli while recalling earlier encounters, thus ensuring memory responses (at the cellular and behavioral level) that dealt more effectively with environmental challenges. The discovery of functional NICUs in the CNS and peripheral nervous system supports the idea of interrelated evolutionary paths of the nervous system and immune system 1, 7, 43 , but the cellular and molecular basis of neurological-immunological interactions is just beginning to emerge. Among the advances made in this field, the identification of CNS lymphatics that drain the brain parenchyma into the deep cervical lymph nodes 44 has provided an anatomical link between behavioral traits and the immune system. In addition, some of the molecular mediators of the CNS-immune system communication are being identified. For example, single-cell transcriptomic analysis and injury models have suggested that interferon-γ signaling probably controls the homeostasis of neural stem cells in the adult brain 45 . In addition, interferon-γ has emerged as a mediator of the effects of meningeal immunity on brain function, in further support of the proposal of an evolutionary link between anti-pathogen immune responses and social behavior 46 .
The evolutionary neuroimmune molecular traits could have been imposed on a common ancestral precursor cell or independent ancestors by the exploitation of distinct features of common genetic strategies 47 . The neurotrophic receptor RET is such an example: it is essential not only for enteric neurogenesis but also for the development of key subsets of immune cells 1, 26, 27, [48] [49] [50] [51] . While in enteric neurons RET signaling is activated specifically in cis following the binding of GFLs to the co-receptors GFRα1-GFRα4 (refs. 52,53), immune cells respond in trans to multiple GFLs 26,27,51,54 ( Fig. 1) . Therefore, tissue-specific wiring of RET signaling and the availability of RET ligands might have dictated divergent spatial and temporal responses of neurons and immune cells to activation of RET within the gut. Interestingly, in cis activation of RET has also been described for enteric neurons in zebrafish 55 , which suggests that this signaling axis might have emerged early in vertebrate evolution. However, it remains unclear whether immune-cell-intrinsic RET signals are also operational in teleosts or whether they are restricted to mammals.
Shared neuronal and immunoregulatory mechanisms have also been described among the earliest neuronal and hematopoietic progenitor cells. Quiescent hematopoietic stem cells (HSCs) give rise to all lineages of immune cells, while neuroectodermal progenitor cells in the neural crest generate all enteric neurons and glia. Remarkably, both progenitor-cell types rely on survival signals provided via 
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VOLUME 18 NUMBER 2 fEBRUaRy 2017 nature immunology r e v i e w neurotrophic-factor-induced activation of RET 51, 56, 57 51, 57 . Further evidence of the role of neuroactive substances in the regulation of HSCs has been provided by studies of the HSC niche in the bone marrow. For example, catecholamines derived from the autonomic nervous system mobilize HSCs via upregulation of expression of the chemokine CXCL12 in mesenchymal stem cells 59, 60 , and this axis is further controlled by brain-based circadian rhythms 61, 62 . Collectively, emerging evidence on functional neuroimmune commonalities suggests that the nervous system and immune system have evolved to work in a concerted manner to promote tissue homeostasis and defense 1, 54 .
Postnatal maturation of neuronal and immunological modules
While the development of enteric secondary lymphoid organs occurs before birth, their size and the formation of B cell germinal centers relies on lymphocytes produced postnatally and colonization of the newborn intestine by microbes 29 . Colonization of the gut by certain groups of immune cells follows genetically programmed and developmentally regulated steps, while the development and maturation of others requires additional environmental signals from the postnatal tissue environment. For example, γδ T cells develop and colonize mucosal sites in a stepwise fashion that starts during fetal life and extends through the postnatal period 63 . Likewise, CD8αα + natural intraepithelial lymphocytes, certain types of ILCs and helper T cell subsets are primed to migrate postnatally to the intestine 33, 64, 65 . Finally, the recruitment of induced intraepithelial lymphocytes and regulatory T cells tightly correlates with bacterial colonization of the intestine 64, [66] [67] [68] . Clear evidence has emerged showing that in addition to such involvement of those endogenous and exogenous gut-homing signals, intestinal immune-cell subsets are also regulated by dietary cues 69 . For example, RA controls the development of group 3 ILCs (ILC3s) via direct regulation of RORγt 40 , and lack of RA signaling has been shown to affect ILC3 development while promoting ILC2 responses 70, 71 . RA signaling has been shown also to modulate the expression of gut-homing receptors in conventional T cells, ILC1s and ILC3s 72, 73 , promote the development of regulatory T cells, control effector T cell responses 74, 75 and enhance the production of immunoglobulin A by intestinal B cells 76 . In line with such findings, distinct enteric immune-cell subsets are direct targets of dietary phytochemicals 69 . For example, activation of the aryl hydrocarbon receptor by cruciferous-vegetable-derived ligands controls the maintenance of intraepithelial lymphocytes and gut-resident memory cells and the proliferation of ILC3s [77] [78] [79] [80] .
As described for intestinal secondary lymphoid organs, the cellular foundations of the vertebrate ENS are established during embryogenesis. However, new enteric neurons continue to be added to the mouse ENS for several weeks after birth 23, 81 . In addition, enteric gliogenesis extends beyond neurogenesis and is thought to be maintained at low levels throughout life 13, 23, 82 , while colonization of the lamina propria by glial cells is initiated in the immediate postnatal period, and the full complement of mucosal glial cells forms only after weaning 13 . Adding to those reports, ex vivo and in vivo physiological studies have demonstrated that the functional maturation of intestinal neural circuits is completed postnatally. Thus, through the use of spatiotemporal mapping of colonic motility, it has been shown that the myogenic pattern of gut peristalsis switches from a rather chaotic pattern (ripples) in the early postnatal period to a highly coordinated neurogenic pattern after postnatal day 10 (ref. 83) . Together, such studies have demonstrated that the cellular and functional maturation of intestinal neural circuits is completed within the highly dynamic microenvironment of the postnatal gut, presumably under the influence of gut tissues, such as the enteric immune system, and extrinsic factors, such as diet, dietary allergens and the emerging microflora 23, 81, 84, 85 . In line with that concept, the homeostasis of mucosal glial cells depends on a full complement of microbiota, which is required for the continuous replenishment of glial cells within the lamina propria from putative precursor cells within enteric ganglia 13 . Interestingly, germ-free mice have fewer enteric neurons and altered ratios of neuronal subtypes and display abnormal peristalsis, which suggests that microbial cues influence enteric neuron development and homeostasis [86] [87] [88] . While the mechanisms by which microbederived products regulate the ENS remain elusive, enteric neurons and glia express Toll-like receptors (TLRs) that can directly sense microbial products 84 . Notably, intestinal neurons express TLR2 and TLR4 (refs. 89-91), while enteric glial cells express TLR2, TLR3, TLR4 and TLR7 (refs. 90,92-95) . Alternatively, microbial products regulate the development and function of neuroglia indirectly, via modulation of immune-cell activity. In support of that view, muscularis macrophages located in the vicinity of the myenteric plexus are activated by microbiota to produce the cytokine BMP-2, which in turn regulates enteric neuron activity 96 . Also, activation of sympathetic ganglia following intestinal bacterial infection modulates neuron-adjacent macrophages toward a tissue-protective functional profile 97 , while the activation of glial cells with microbial products drives ILC3s to produce the interleukin 22 (IL-22), a critical regulator of intestinal homeostasis 54 . In conclusion, while intestinal lymphoid organogenesis and ENS histogenesis occur mostly in utero, an important window of opportunity remains open after birth for both intrinsic factors and extrinsic factors to shape intestinal function and organismic homeostasis. Microbiota colonization and dietary factors are most certainly among the critical regulators of the maturation and reciprocal interactions between the nervous system and immune system of the gut.
Neuroimmune sensing in intestinal health and disease
The myenteric plexus of the ENS harbors a large number of macrophages and mast cells 98 , and these immune-cell subsets are under neural control. Efferent signals from the vagus nerve have an antiinflammatory effect by dampening macrophage activity [99] [100] [101] . In addition, data indicate that an enteric neuron-macrophage axis is critical for gut physiology and defense 96, 97 (Fig. 2) . Thus, myenteric neuron activity and intestinal peristalsis are controlled by macrophage-derived BMP-2 in response to microbial signals 96 . Interestingly, macrophages have also been shown to be regulated by neuron-derived cues in the myenteric plexus 96, 97 . Thus, microbial colonization of the intestine induces neuronal expression of the growth factor CSF-1, which activates CSF-1 receptors in nearby macrophages 96 . Reciprocal neuron-macrophage interactions also take place in the context of bacterial infections that activate sympathetic ganglia, which in turn regulate macrophages in the myenteric plexus via signaling through norepinephrine-β 2 adrenergic receptor 97 (Fig. 2) . The activation of macrophages by norepinephrine induces a tissue-protective signature 97 that might be relevant in the context of intestinal insults such as chronic inflammation, infection and allergy. r e v i e w Neuron-mast cell interactions in the intestinal submucosal and myenteric plexuses have also been described [102] [103] [104] . Mast cells regulate neuronal and immune-cell activity by tryptase expression and the release of histamine, serotonin or tumor-necrosis factor 102 . In turn, mast cells can respond to neuron-derived factors (such as substance P and the corticotropin-releasing factor CRH) and immunological signals (such as immunoglobulin E) 102 , which suggests that this cell population constitutes a regulatory hub for enteric nervous systemimmune system communication.
Enteric glia cells form a dense network around the intestinal crypts and are present throughout the mucosa 105, 106 . Surprisingly, while the intestinal lamina propria harbors a large number of lymphocyte subsets 107 and glial cells, as well as numerous neuronal projections, little is known about the tripartite neuron-glia-immune cell interactions. However, studies have demonstrated that maturation of the mucosal glial-cell network (which expresses characteristic glia markers, such as SOX10, GFAP and S100β 11 ) depends on a full complement of microbiota 13 (Fig. 3) . The effect of microbial products on enteric glial cells might be direct, via TLRs 90, [92] [93] [94] [95] , whose activation leads to increased expression of S100β and inducible nitric-oxide synthase (iNOS) in an manner dependent on the transcription factor NF-κB 108 . Consistent with that idea, patients with ulcerative colitis and/or celiac disease are characterized by altered iNOS activity induced by S100β [109] [110] [111] , while dysregulation of iNOS activity might alter the fitness of the intestinal barrier 112 . Enteric glial cells from patients with Crohn's disease also have altered expression of major histocompatibility complex class II 113, 114 . Interestingly, pharmacogenetic studies have suggested that the ablation of intestinal glial cells rapidly induces acute ileitis and loss of intestinal barrier integrity 115, 116 .
The intestinal barrier is in dynamic equilibrium, integrating inputs from multiple sources, including the epithelium, immune cells, neurons, glial cells and the microbiota 1 . How these multi-tissue, multisignal inputs are integrated and how their topography regulates intestinal homeostasis remains poorly understood. Nevertheless, studies have explored how the spatial organization of discrete groups of immune cells affects intestinal immunity. Specifically, IL-22-producing ILC3s are subcategorized into two subpopulations on the basis of their expression of the chemokine receptor CCR6. CCR6 + ILC3s cluster mostly in cryptopatches and isolated lymphoid follicles, while their CCR6 -counterparts (which can express the activating receptor NKp46) are found scattered in the lamina propria 117 . Interestingly, ablation of CXCR6 generates the selective loss of NKp46 + ILC3s and results in enhanced susceptibility to infection with Citrobacter rodentium 118 , while NKp46 + ILC3s are required selectively for cecal homeostasis during infection with C. rodentium 119 . Such studies demonstrate that the topography of mouse ILC3 subsets influences their effect on mucosal homeostasis, which indicates that ILC3s might have roles that are complementary and reciprocal with those r e v i e w of other immune-cell subsets 119 . In line with that idea, ILC3 deficiency in humans demonstrates that the functions of this subset might be redundant with those of T cells 120, 121 54 . Glial cells are also able to perceive and integrate microbiota-and tissue-derived alarmin cues, in a manner dependent on the adaptor MYD88, to control neurotropic-factor expression 54 (Fig. 3) . Glialcell-derived neurotropic factors then operate in an ILC3-intrinsic manner via activation of the tyrosine kinase receptor RET, which directly regulates IL-22 downstream of a cascade of the kinases p38, ERK and AKT and phosphorylation of STAT3 (ref. 54) . Collectively, these findings reveal a glia-ILC3-epithelial cell unit orchestrated by neurotrophic factors that regulates intestinal homeostasis, inflammation and defense against infection with attaching-andeffacing bacteria 54 .
Challenges and perspectives
The transforming power of new technologies has enabled major advances in understanding organismal physiology. In particular, efficient gene-targeting strategies, single-cell assays, high-throughput sequencing and whole-organ imaging have catalyzed substantial advances into the elucidation of enteric neuroimmune interactions 1 . However, as is often the case in scientific endeavors, present successes almost immediately become mere stepping stones to future questions. One such challenge is the identification of as-yet-unknown anatomical units at the core of nervous system-immune system interactions in the gut and an understanding of their role in GI physiology. The lamina propria is colonized by a panoply of adaptive and innate lymphocytes and contains rich neuroglial networks. Although this immediately provides a framework of opportunities for effective communication between the two systems, high-resolution anatomical mapping, cellular details and molecular mediators of such interactions have remained elusive. The generation and use of tissue-specific fluorescent reporter lines, in conjunction with whole-organ-or tissue-clearing methods and advanced imaging technologies promises to identify as-yet-unknown neuroimmune units in the mucosal plexi and elucidate how they are integrated into the broader tissue architecture of the gut wall 54, 96, 97 . Understanding the wider role of such NICUs in gut physiology and the implications of their deficits in the pathogenesis of GI disorders is almost certainly the next challenge. Here, we expect that the use of tools that enhance or diminish neuronal activity, such as designer receptors activated exclusively by designer drugs 124 and optogenetics 125 , will shed light on the intricate physiological and pathological consequences of nervous system-immune system interactions in the gut.
The ENS senses and responds to commensal microorganisms, but how this is achieved during development, homeostasis, inflammation and infection remains poorly understood. For example, the network of mucosal glial cells develops in response to microbial colonization of the gut 13 , but it is unclear whether this is a consequence of gliaintrinsic sensing of microbe-associated factors or instead is mediated and instructed by immune-system-autonomous responses to colonizing microbionts. Enteric glial cells directly integrate commensal cues to regulate innate lymphocyte responses in homeostasis and inflammation 54 , but further studies will be needed to investigate the mechanisms by which immune cells, notably macrophages, ILC3s and mast cells, might instruct neurons about tissue insults in the gut. The ENS and the GI immune system share molecular pathways and occupy overlapping niches. For example, enteric neurons and ILC3s are targets of similar but distinct RET-activating neuroregulators, but the differential roles of these molecules in shaping neuronal or ILC3 developmental fate and function in adulthood remain unclear.
It is now clear that the gut, in addition to its multiple contributions to food digestion and energy balance, is also the largest sensory organ that constantly informs the CNS about the state of the lumen and its dynamic ecosystem 9 . The means by which gut information reaches the brain and the spinal cord involve direct neuronal afferent pathways and systemic mediators 2, 9 . As an example, it has been shown that the intestinal microbiota regulates the biosynthesis of serotonin in the host by colonic enterochromaffin cells 126 . Whichever specific mechanisms are involved, the concerted activities of the intestinal epithelial barrier, the mucosal immune system and the nearby neuroglial networks constitute effective relay stations for the multiple feedback pathways between the brain-spinal cord and the gut. Understanding in detail the ingredients and the relationships that make up these relay stations will ultimately provide the means for modulating brain activity and behavior under normal and pathological situations.
In conclusion, coordination of the intestinal nervous system and immune system might have ensured efficient responses to environmental insults during evolution. The past decade has provided strong evidence of functional NICUs. How this information will shape therapeutic strategies is the next challenge. Delineating the commonalities of functional NICUs might provide novel, improved interventions for complex inflammatory bowel diseases and intestinal cancer.
